Purpose: In retinitis pigmentosa (RP) patients, relatively minor lens opacity in central part of posterior pole of the lens may cause disproportionate functional symptoms requiring cataract operation. To investigate the possible structural reasons for this opacity development, we studied the structure of the lens epithelium of patients with RP. Methods: The anterior lens capsule (aLC: basement membrane and associated lens epithelial cells, LECs) was obtained from cataract surgery and prepared for scanning and transmission electron microscopy (SEM and TEM). Results: Both SEM and TEM show a number of abnormal features in the anterior lens epithelium of cataract patients with RP. The abnormalities appear mainly as holes, thinning and degradation of the epithelium, with the dimensions from <1 lm to more than 50 lm. Other types of holes in size up to 20 lm were seen that may be formed by gradual stretching of the lens epithelium. Another type of abnormalities was cracks that were seen between adjacent LECs, with dimensions 0.1-2 lm 3 up to 10 lm. Conclusions: Abnormal structural features were observed in the anterior lens epithelium that may cause water influx into the lens. This may lead to clouding along the water clefts leading towards the posterior pole in the RP cataractous lens. We suggest that the lens epithelium has a role in the development of the cataract in patients with RP.
Introduction
Cataract is often associated with retinitis pigmentosa (RP). Incidence was reported to be approximately 45% (Auffarth et al. 1997) . Retinitis pigmentosa is clinically and genetically heterogeneous group of inherited retinal disorders in which abnormalities of the photoreceptors (rods and cones) and the retinal pigment epithelium of the retina lead to progressive visual loss and eventually incurable blindness (Hamel 2006) .
Cataract is a recognized complication of all types of RP. Patients with RP typically develop a combined posterior cortical and posterior subcapsular cataract (Jackson et al. 2001) . Central posterior subcapsular cataract with a clear nucleus is usually present at mid stage in the evolution of the RP (Hamel 2006) . When compared to patients with age-related cataract, patients with RP develop lens opacities at a relatively young age (Heckenlively 1982; Pruett 1983; Fishman et al. 1985; Jackson et al. 2001) . Although the cataract is not widespread, its central position blurs the remaining central visual field (Hamel 2006 ). In the presence of RP, relatively minor lens opacity may cause disproportionate functional symptoms. Phacoemulsification with implantation of intraocular lens is thus required (Hamel 2006) .
The mechanism of development of the posterior cortical and posterior subcapsular cataract in patients with RP is not clear. We investigated the ultrastructural features of the lens epithelium for possible association with the development of this type of cataract.
The lens epithelium is metabolically the most active part of the lens, acting as a metabolic engine that sustains the physiological health of the lens (Bhat 2001) . Lens epithelial cells (LECs), lens epithelium building units, regulate most of the homeostatic functions of the lens (Candia 2004) . The lens epithelium is also the first physical and biological barrier in the lens, protecting the inside of the lens. The lens epithelium maintains the lens internal milieu by providing the driving force for the ionic gradients and the fluid circulation within the lens (Mathias et al. 1997; Fischbarg et al. 1999; Zampighi et al. 2000; Candia 2004; Donaldson et al. 2010; Dahm et al. 2011) . Being the primary site of active transport and permeability, it plays a crucial role in maintaining the levels of electrolytes and water in the lens that are necessary for preserving lens transparency.
The structural organization of the lens epithelium is associated with the lens epithelium function and may have the role in the cataract development in patients with RP. We have previously studied the structural organization of healthy aLECs (Andjelic et al. 2015a) and lens epithelium in white intumescent and uveitic cataracts Stunf et al. 2012; Andjelic et al. 2015b ). Here, we investigated the ultrastructure of the anterior lens epithelium of the cataract patients with RP using scanning and transmission electron microscopy (SEM and TEM).
Methods
The aLCs were obtained by capsulorhexis from routine uneventful cataract surgery of five patients with RP (male patients 22, 36, 53, 57 and 64 years old; in two cases, male patients 36 and 53 years old, aLC was taken from both eyes operated with the delay of 2 months for the first patient and 2 years for the second) performed at the Eye Hospital, University Medical Centre, Ljubljana, Slovenia, by the same surgeon (M.H.). All tissue collection complied with the Guidelines of the Helsinki Declaration and was approved by the National Medical Ethics Committee of Slovenia, and all patients signed an informed consent form before the operation.
All the patients had RP of sporadic (recessive) type, whilst molecular mutation analysis was not carried out as yet. The duration of RP history was as Other half of aLC was prepared for transmission electron microscopy (TEM) at the Institute of Pathology. For TEM, specimens were immediately fixed in solution of neutral buffered 10% formaldehyde and postfixated in 2% OsO4. All capsules were then dehydrated in increasing concentrations of ethanol and embedded in Epon 812. Semithin sections (1 lm) were made in the central part perpendicular to the capsule plane, stained with Azur II, in selected cases also with Jones methenamine silver, and analysed by light microscopy. Ultrathin sections (30-50 nm) were stained with uranyl acetate and lead citrate and examined by JEOL 1200 Ex II transmission electron microscope. Each specimen was examined in detail by SEM and TEM.
Results
Clinical examination of RP patients lens was carried out before cataract surgery. Magnified images recorded upon examination with the slit lamp are shown in Fig. 1 . Relatively minor lens opacity is present posteriorly but centrally (Fig. 1C,D) . Small dots are observed on the anterior lens (Fig. 1A , B). The structures looking like the channels going from the anterior to the posterior of the lens between the fibre cells were visible during the patients' preoperative examination.
Here, we show the figures representing the main features we have observed when studying the anterior lens epithelium of five cataract patients with RP. None of the patients had positive family history; hence, they may be of sporadic or recessive inheritance. Mutation analysis was not carried out. We present the results of the SEM and TEM study of the anterior lens epithelium.
Patient One was a 36-year-old man. The most prominent abnormal features were holes and thinning of the anterior lens epithelium (Fig. 2) . There are several smaller lesions of this type that are present diffusely. The dimensions of these holes vary from less than 1 lm to more than 10 lm; they are not limited to one aLEC but can cover the region of several aLECs. The bigger holes forming the denuded capsular regions, with the dimensions even larger than 50 lm, were also present (Fig. 3) .
The second type of holes, visible on the anterior lens epithelium of the second eye of the Patient one, appears as it was formed by stretching of the lens epithelium (Fig. 4) . The lesions of this type are present diffusely, and they are numerous (Fig. 4C,D) , while the holes made by the process of stretching are present only on one location where they are prominent (Fig. 4A,B) . The stretched region is up to 10-20 lm wide, and it is long more than 100 lm. The holes' formation by stretching seems to be a gradual process and not the consequence of the acute operative damage, as the stretched cells showed progressive thinning and are seen also in the regions where the holes were not formed.
The thinning of the lens epithelium and its degradation are visible also by TEM of the Patient one. The changes in the lens epithelium as observed by TEM are quite pronounced, however uneven ( Fig. 5) : spacing between the adjacent LECs laterally (Fig. 5B ,C,E), detachments from basal lamina (BL) (Fig. 5C,E,F) , the thinning of the lens epithelium (Fig. 5A ,C,E) and degradation of the LECs (Fig. 5D,F) . The changes in the lens epithelium in the form of the detachments from BL (Fig. 5C ,E,F) and the spacing between the cells laterally (Fig. 5B ,C,E) that does not reach the LECs apical region, as observed by TEM, would not be visible by SEM.
Another type of holes are formed between two adjacent aLECs, what we observed by SEM of 53 years old male RP Patient two (Fig. 6) . Several smaller regions with the holes are present diffusely. These holes are of smaller dimensions, from 0.5 to 1 lm x up tõ 10 lm. Scanning electron microscopy shows that the lateral connections are absent between these adjacent cells in the region of the hole. Transmission electron microscopy also showed that the lateral connections are absent between the aLECs, for the Patient three (Fig. 10C) , while for the Patient two (Fig. 7A) as well as for the Patient one (Fig. 5B ,C,E) and Patient four (Fig. 12B) , TEM showed spacing between the adjacent LECs laterally, not reaching the apical surface of the lens epithelium and thus explaining why the changes are not visible by SEM. Transmission electron microscopy of the Patient two shows in particular shelling of the cells and their reduction with the hole formation (Fig. 7D,E) . It also shows vacuoles or spacing laterally (Fig. 7A) and apically (Fig. 7A-C) , and above is a thin and condensed layer of the cytoplasm (Fig. 7B,C) , not being clear whether it is from the same or, more probably, another cell.
The SEM of the other eye of the Patient two (Fig. 8) shows the small holes, dimensions of 1 lm or less. They are distributed in two manners: at one location, diffusely (Fig. 8A,B ) and in the several regions on the cells, in which the cell thinning and degradation are seen with the hole formation ( Fig. 8C-F) . Scanning electron microscopy of LECs of the Patient three, 22 years old man (Fig. 9) , shows that the small holes may be associated with the combination of LECs' thinning and detachment (Fig. 9A,B) or with the gradual degradation of the small region on the apical part of the LECs with the cell thinning (Fig. 9C,D) . Transmission electron microscopy of the LECs of the Patient three (Fig. 10) , besides showing the large lateral spacing between the adjacent LECs going throughout the height of the cell (Fig. 10C) , also showed unevenness in thinning of the lens epithelium and degradation of the LECs with the signs of necrosis (Fig. 9B,C) . Vacuolization is also visible (Fig. 10A-C) .
The Patient four was 57 years old man. Scanning electron microscopy showed smaller lesions, in which the lens epithelium is thinner (Fig. 11A) . These lesions are present diffusely. The small holes associated with thinning of the lens epithelium and degradation of the LECs are visible (Fig. 11C,F) . Peculiar small holes in the form of chimney can be observed (Fig. 11D,E) . Transmission electron microscopy of the Patient four also showed detachments from BL (Fig. 12A,B) , vacuoles ( Fig. 12A-C) , spacing between the adjacent LECs laterally that does not reach the LECs apical region (Fig. 12A,  B) , the layer of condensed cytoplasm at the apical part of the LECs (Fig. 12A,B) and shelling of the cells and their reduction and degradation with the hole formation (Fig. 12C,D) .
The Patient five was 64 years old man. Scanning electron microscopy also shows the small holes associated with thinning of the lens epithelium and degradation of the LECs (Fig. 13A-F) . These lesions were present diffusely. The holes can be related to the singlecell degradation (Fig. 13A,C) or to the degradation of the region covering several cells (Fig. 13A,B) .
Discussion
The development of central posterior subcapsular cataracts is a common complication of RP. By clinical examination of some patients with RP with a slit lamp before the cataract surgery, small dots were observed on the anterior lens capsule and structures looking like the channels leading from the anterior to the posterior of the lens between the fibre cells. Because of these observations and the importance of impairment of remaining vision by this peculiar type of the cataract in patients with RP, we have studied the lens epithelium by SEM and TEM. For this, we have used anterior lens capsules removed during the operation of the cataract in patients with RP.
In our series, a number of abnormal features were found that might have contributed to the development of this particular type of posterior polar cataract. Most notably, we observed a series of different types of holes in the anterior lens epithelium with the size of up to 50 lm that were not seen in other studies of LEC epithelium (Andjelic et al. 2015a,b) . It may be possible that through these holes, the fluid leaks into the lens and passes along the lens fibre cells to the lens posterior pole where it induces structural and functional changes. This is suggested as a mechanism of clouding of that small but functionally important region on the posterior pole of the lens. The degree of described abnormal features does not correlate with the patients' ages or disease duration as the largest holes were seen in 36 years old patient (Fig. 3) .
We have previously reviewed structural organization of the healthy lens epithelium (Andjelic et al. 2011 ), and we provided detailed evidence about the structural organization of the aLECs attachment to the BL in the healthy lens (Andjelic et al. 2015a ). The diffusion of water in human eye lenses is highly anisotropic and spatially inhomogeneous (Moffat & Pope 2002) . Being the first physical and biological barrier in the lens, the lens epithelium has a major role to act as a regulating barrier between the aqueous humour and the lens fibre cells, protecting the inside of the lens. The epithelium is the lens layer where many constitutive elements of the mechanisms responsible for the transport of water, ions and nutrients through the lens are situated (Fischbarg et al. 1999; Bhat 2001; Delamere & Tamiya 2009 ). Any factor disturbing the transport processes, morphology or biochemistry of the lens epithelium would result in water accumulation in the lens and the subsequent imbalance of intracellular and extracellular ion concentration that would lead to cataract formation (Karim et al. 1987; Hightower & McCready 1991; Spector et al. 1993) .
The holes that we show here are on the anterior lens epithelium of otherwise quite transparent RP human lens. RP cataract lens epithelium. The holes that we have observed on the anterior lens epithelium of cataract patients with RP are of various sizes. Whilst larger holes are more likely to cause cataract, even small holes on the anterior lens epithelium of patients with RP lasting for a longer time may cause gradual water accumulation in the lens, often observed in patients with RP. The studies of structural changes of the lens in RP patients were up to now focused predominantly on lens fibre cells. Severe lens fibre disorganization, resulting in intricately distorted membrane configurations and varying cytoplasmic densities, was described (Eshaghian et al. 1980) . Large areas of disruption of the lens fibre pattern were observed which showed an increase in the number of fibre membranes per unit area. In many regions, an elaborate and regular folding of membranes was noted which produced complex 'figure-ofeight' and 'tramline' patterns, as well as membranous lamellar bodies. Masses of various size globules were also identified (Babizhayev & Deyev 1989) . The subcapsular lens fibre changes consisted of an extensive swelling of hydrated cells together with a significant reduction in their dry mass content. These studies describing the structural changes of the lens fibres support our hypothesis that the fluid enters the lens through the holes in the anterior lens epithelium and then passes between the damaged lens fibre cells leading to the lens posterior pole, influencing the development of posterior cortical and posterior subcapsular cataracts.
Much less is known about the structure of the lens epithelium in patients with RP. In the study where the lenses from patients with RP with a progressive subcapsular cataract were analysed using TEM and quantitative microradiography (Fagerholm & Philipson 1985) , extensive extracellular vacuolization was found in the lens epithelium. Focal degeneration of epithelial cells was seen in both the more stationary posterior subcapsular cataracts and the progressive subcapsular cataracts. Different degrees of mitochondrial swelling were also found in the epithelial cells. All these changes were also observed in our study. Different views on cataract development in RP were presented in a study on a RCS rat model of retinal degeneration (Al-ghoul et al. 1998) , where posterior subcapsular cataract was suggested to result from abnormal posterior lens fibre growth and suture formation development in response to toxic lipid peroxides formed by degenerating rod outer segments. That cataract may result from diffusion of toxic lipid peroxidation products from the retina to the lens through the vitreous body was also suggested by Babizhayev & Deyev 1989. We, however, suggest that the holes in the lens epithelium have at least a complementary if not a prominent role in the development of the cataract in patients with RP. 
